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DESIGN AND IMPLEMENTATION OF A MINIATURIZED ELASTIC 
SCATTERING SPECTROSCOPY (mESS) SYSTEM WITH SCANNING 
MODALITY FOR ORAL CANCER DEEP MARGINS ASSESSMENT 
ALEXANDER J. GRAY 
ABSTRACT 
 Oral cancer accounts for an estimated 650,000 new cases annually with a 
high mortality rate of approx. 50%. Oral cancer is typically treated with a 
combination of surgery, radiation and chemotherapy, but patients suffer from 
high recurrence rates due to delayed detection and invasiveness of the disease.  
Surgical standards require surgeons to resect a margin of healthy tissue 
surrounding cancerous tissue in order to reduce the rate of recurrence. Frozen 
section (FS) analysis is a common intraoperative technique for examination of 
surgical margins, but is limited in its sensitivity of detecting positive margins of 
resected tissue (especially in deep margins where most positive sites originate). 
Elastic Scattering Spectroscopy (ESS) is a fiber optic based backscattering 
optical technique which utilizes a small source detector separation allowing for 
examination of subcellular changes in tissue. In addition, ESS is a point 
measurement technique making it impossible to take a grid of coordinated 
measurements over a tissue surface. ESS has been used extensively for the 
classification of cancerous tissue in vivo, but current instrumentation limits the 
physical and financial availability of ESS devices across various clinical studies. 
The goal of this thesis is the design and implementation of a low cost, portable 
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and modular ESS device that allows for scanning across an area of tissue for the 
quantification and assessment of deep margins of resected oral cancer samples. 
A low-cost ESS device has been developed and validated for use across various 
clinical studies which utilize ESS. A scanning module has been developed to 
allow for imaging of resected tissue over an area of 1cm2 with a pixel resolution 
down to 100 μm. This system will be utilized in a clinical study to assess deep 
margins of resected oral cancer tissue to test the feasibility for using ESS as an 
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1. BACKGROUND AND MOTIVATION 
1.1 Clinical Background 
 
Oral cancers account for nearly 657,000 annual cases worldwide with a 
mortality rate of approx. 50% [46]. Oral Squamous cell carcinoma (OSCC) is the 
most common form of oral cancers, which are typically caused by excessive use 
of alcohol and tobacco [24,30], and has been linked to HPV. OSCC represents 
approximately 95 percent of all head and neck cancers annually [35]. OSCC 
stems from stratified squamous epithelial tissue in the mouth that forms a 
malignant neoplasm [35], typically affecting the tongue, cheeks, lips and floor of 
the oral cavity [17,24]. Precancerous changes include mild to severe cases of 
dysplasia and other lesions such as leukoplakia or erythroplakia. Epithelial 
dysplasia can lead to an invasive carcinoma and has the ability to infiltrate the 
subepithelial layers (fig 1) [35].  
 
Figure 1: Histological staining image demonstrating infiltration of OSCC tumor into 
underlying connective tissue (Image reproduced from: Speight, P., Farthing, P. et al [39]) 
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OSCC is a relatively aggressive form of cancer and can often times go 
undiagnosed until later stages of growth (stages III, IV) [12]. There are several 
forms of treatment including surgery, radiation, chemotherapy and new forms of 
immunotherapy, but typically a combination of treatments is required depending 
on the stage and location of the cancer. 
1.1.1  Surgical Resection for OSCC treatment 
 
Typically, surgery is almost always required for the excision of OSCC tumors 
due to the delayed diagnosis and the aggressiveness of this type of cancer. 
Surgery involves the resection or excision of cancerous or potentially cancerous 
tissue from the patient. Complete resection of the tumor is of utmost importance 
in minimizing mortality and recurrence rates [12,34]. The objective of surgery is 
the complete removal of the tumor along with any residual abnormal cells while 
retaining as much functional tissue as possible. Surgeons typically resect a layer 
of healthy tissue surrounding the tumor to limit the incidence of any potentially 
cancerous tissue remaining following excision. Surgical margins are categorized 
as either mucosal (lateral to the top resection surface) or deep (axial from the top 
resection surface). Margins can be classified in three ways for oral cancer (1) a 
negative margin has no residual cancerous tissue at the edge of resection 
(>10mm of healthy tissue [12]), (2) a close margin has cancerous tissue close to 
the edge of resection (typically <5mm [41]), and (3) a positive margin has 
cancerous tissue at the edge of resection meaning that cancer is more than likely 
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still present at the site of resection. Examples of surgical margin classifications 









Figure 2:  Drawing demonstrating margin classifications of resected tissue surrounding 
tumor. 
There are several steps to ensuring that the margin of resection is correct 
throughout the surgical process. A surgical team will likely look at the cancer 
through MRI or CT imaging to determine the relative size and depth of the cancer 
before surgery [19,25].  In the operating room, the surgeon will mark the 
cancerous area using a vital staining of iodine or toluidine [34], this will cause 
either a color change to the tumor tissue itself or the surrounding healthy tissue 
so that the surgeon can mark the intended resection margin. Frozen section (FS) 
analysis is used for examining the margins of the resected tissue intraoperatively.  
A cryostat (a microtome with a cooling element), is used to slice the tissue which 
is then placed on a microscope slide and a histological stain image is analyzed 
by a pathologist. FS is the standard for intraoperatively assessing suspected 
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positive margins in oral cancer surgeries, but this technique can be time 
consuming, requires expert analysis, and suffers from low sensitivity (high false 
negative rate) [12]. These pitfalls have led to a relatively high recurrence rate in 
oral cancers upwards of 35% [45]. Studies have shown that most positive 
margins occur at the deep margin of resection rather than the mucosal margin 
due to limited access to deep sites of resection [9,12]. These observations 
highlight the need for a fast and reliable method for analysis of margins in 
resected oral cancer tissue. 
 
1.2 Elastic Scattering Spectroscopy (ESS) 
Elastic Scattering Spectroscopy (ESS) is a subdivision of a larger class of 
optical methods known as diffuse reflectance spectroscopy. ESS is a point 
measurement technique that utilizes a back-scattering fiber optic geometry for 
interrogating scattering properties of tissues (fig 3). ESS is based on the elastic 
scattering of photons in tissue caused by gradients and discontinuities in the 
refractive indices created by cells, organelles and the extracellular matrix [5,29]. 
Mie theory, or Mie scattering, has been used for modeling cellular scattering by 
treating cellular elements as homogeneous spheres with a scattering center and 
surrounding cytoplasm [5,29]. The scattering probability of a particle is based on 
the size parameter, 𝑥 = !"#$!
%
,  of such particle. This is dependent on the 
diameter of the particle,	𝛼 , the refractive index of the medium that the light is 
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propagating within, 𝑛&, and the wavelength of the incident light, 𝜆. Mie scattering 
holds true for particles with a size similar to the illumination wavelength as is the 
case for tissue [5]. Changes in the refractive index and size of the scattering 
particles, and subsequent changes in the scattering phase function, has led to 
extensive use of ESS for the classification of healthy and cancerous tissues 
[4,12,13,43]. Cancerous modifications to cellular morphology such as nuclear 
size, mitochondrial size, and organelle density leads to a difference in the 
spectral signature of cancerous and healthy tissue samples [5,12,29].  
 
1.3  Motivation 
The motivation of this thesis is based on the shortcomings of current 
techniques for intraoperative analysis of margins of resected oral cancer samples 
as well as limitations and financial considerations of current ESS instrumentation 
for use across several clinical studies. FS has shown limited sensitivity for 
designation of positive margins during oral cancer surgery, and is subject to 
inherent artifacts caused by ice crystal formation from the cryostat [37]. This 
technique provides a small FOV and is a time-consuming task which limits its use 
to random sampling of the resection margin [12,25].  
Current ESS instrumentation used for clinical studies is bulky and expensive, 
limiting its physical and financial availability across several studies in a clinical 
setting. In addition, ESS is a point measurement technique meaning that it 
cannot provide coordinated measurements over a large area of tissue. All of the 
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above limitations and shortcomings of FS and ESS demonstrate a need for a 
small portable device to be used as an adjunct for FS in assessing resection 
margins during oral cancer surgery.  
1.4  Aims and Objectives 
 The main objectives of this thesis involve the development of a next 
generation miniature ESS system with the end goal of providing a portable, low 
cost, and modular system to be used for various ESS clinical studies. The two 
main aims of this thesis are: 
(i) Design and implementation of modular, low cost, miniaturized Elastic 
Scattering Spectroscopy (mESS) base system 
(ii) Design and implementation of novel ESS probe and scanning module 
for ESS imaging to be used for oral cancer deep margins assessment
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2. BASE ESS SYSTEM 
The first goal for this thesis was the design of a low cost, miniaturized and 
modular ESS system. The ideal system is a near handheld device that allows for 
user friendly control across several ESS experimental setups. Figure 3 highlights 
the essential components needed for a typical ESS system, and a list of 
components is provided below: 
1. Light source (xenon flash lamp) 
2. Detector (Spectrometer) 
3. Computer and interface Electronics (Microprocessor, microcontroller, ADC 
etc.) 
4. Fiber optic Probe  
 
Figure 3: Schematic of typical instrumentation for ESS system 
 
Light is transmitted through an optical fiber and backscattered photons are 
collected by an adjacent fiber and sent to a spectrometer for quantification. The 
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amount of backscattered light is dependent on the scattering and absorption 
properties of the sample and is quantified by a computer for visualization. System 
calibration is required for all ESS devices in order to limit variation across 
different experimental conditions. Changes to the system response caused by 
differences in the fibers, temperature, ambient light, spectrometer drift etc. can 
affect analysis of data taken with unpredictable fluctuations and must be 
accounted for. A reference spectrum is taken of a material that has flat diffuse 
reflectance over the UV-IR range. ESS data is often represented as a ratio of the 




     (Eq 1) 
Where Idark is a dark spectrum, no light pulses, taken before every measurement 
to account for ambient light and dark current from each pixel. This calibration 
limits variation between experiments and systems, and allows for direct 
comparison of data collected under different experimental conditions.  
The goal of this thesis is the development of a base ESS system that is 
modular and allows for the attachment of components that can be used in a wide 
variety of clinical studies which involve ESS. For instance, in order to allow for 
scanning of resected oral cancer tissue a module, which is physically separate 
from the base ESS system, allows for scanning of a probe across a tissue 
sample to enable ESS imaging. Sections 2.1–2.4 will overview individual 
components of the system with descriptions of the development process. Section 
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2.5 will go through the final design for the base ESS system.   
 
2.1  Xenon Flash Lamp 
 A xenon flash lamp is a device that supplies high intensity incoherent light 
in a short period of time. Flash lamps or flash tubes utilize a tube of glass which 
encloses two electrodes (anode and cathode) that are used for the excitation of 
pressurized xenon gas [10]. The gas becomes ionized by electrical triggering, the 
electric current quickly heats the gas to a plasma state (which has much lower 
resistance than the gas) allowing for current to flow through the electrodes which 
emits fast and high intensity light [10,16]. The intensity of the light emitted from 
the flash lamp is dependent upon the arc size (distance between cathode and 
anode), electrode voltage and the size of the discharge capacitor.  
 Hamamatsu offers a line of relatively low-cost xenon flash lamp modules 
that provide stable emission in the UV-IR (200–1100 nm). The L13651-11 is a 2-
watt flash lamp with an SMA connector (aligns and connects cores of fibers to 
allow light to pass efficiently) on the output, that can operate with a 5V and 12V 
input. The module has a discharge capacitor of 0.141 μF, a controllable main 
discharge voltage ranging from 400–600V, and a max repetition rate that is 
dependent on the discharge voltage. Higher discharge voltage leads to a more 
stable output intensity, as well as higher UV emission [16 pg. 11], so the lamp is 
set to 600V with a maximum stable repetition rate of 79 Hz. The maximum input 
energy and maximum average power of the lamp can be calculated with Eq 2 
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and Eq 3 respectively.    
 
         Maximum Input Energy (per flash) = E =   !
"
𝐶𝑉"  (Eq 2)  
Maximum average input power (continuous) = W = 𝐸𝑓  (Eq 3) 
 
Where 𝐶 is the main discharge capacitance, 𝑉 is the main discharge voltage,  
𝐸 is the max input energy per flash and 𝑓 is the repetition rate (in Hz) of the flash 
lamp. The maximum input energy is found to be 25.4 mJ and a max average 
input power of 2 Watts (79 Hz repetition rate). The discharge of the flash lamp is 
controlled with a 2.5–5V rectangular pulse with a width of at least 10 μSec and 
discharges in less than 1 μSec [15]. The light is collimated by a ball lens into an 
SMA connector that is then sent through the ESS probe and collected by the 
spectrometer for quantification.   
 
2.2  Spectrometer  
A spectrometer is a device that is used to examine wavelength dependent 
properties of light interactions with tissue, gases, or other such materials [32].  
Spectrometers are made up of several key components to allow for proper 
dispersion and detection of light: (1) an entrance slit, or a mechanism for 
collecting light from your sample, (2) a dispersive element to separate the light 
into distinct wavelengths and (3) a detector or detection system to measure the 
relative intensities of the collected light [5]. Most spectrometers utilize a 
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diffraction grating that separate wavelengths based on the diffraction and 
subsequent interference of light incident on a detector surface.  A schematic of a 
typical grating based spectrometer is shown in figure 4 
 
Figure 4:  Schematic of key elements for a grating spectrometer 
 
2.2.1  C12880MA spectrometer Module 
 ESS measurements are typically taken in the UV-NIR range of 300–
900nm. The idealized spectrometer for this project was a low-cost, sensitive, 
miniature device with high resolution. The C12880MA-10 (Hamamatsu Inc. [14]) 
is a grating based micro spectrometer with a very small physical footprint 
(20.1mm height × 12.5mm width × 10.1mm depth) that provides high sensitivity 
in the wavelength range of approx. 310–850nm and a spectral resolution of ~12 
nm. The spectrometer incorporates an SMA connecter that has a ball lens that 
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focuses light through the entrance slit of the spectrometer [14]. The C12880MA 
uses a CMOS based array of 288 pixels that can be individually read off following 
the integration of light incident on each pixel.  
  A breakout board for the C12880MA spectrometer from Groupgets [13] 
allows for the basic control of this spectrometer’s integration time and readout 
from individual pixels [13,43]. The board consists of a serial buffer amplifier, that 
limits the current and subsequent heating of the board, as well as other 
electronics for voltage regulation which is important for minimizing noise within 
the system. A single measurement taken by the C12880MA consists of the 
integration of light incident on the CMOS array and a readout cycle from each of 
those pixels. A timing diagram for the control of the spectrometer is provided in 
Figure 5: 
 
Figure 5: Timing Diagram for C12880MA spectrometer (reproduced with 
permission from Hamamatsu Photonics [14]) 
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The integration time is determined by the time the “ST” pin is set high added 
to the time it takes to pulse the “CLK” pin 48 times after pulling the “ST” pin low. 
The minimum integration time is dictated by the clock frequency of the 
spectrometer that can range from 0.2–5 MHz. After integration, analog values 
can be read off of a “Video” output pin on the 89th clock pulse after the “ST” is 
pulled low, and subsequent pixels are switched and read with additional clock 
pulses.  Hardware for interfacing with the spectrometer and Flash lamp will be 
discussed in section 2.3. 
 
2.3      Computer and interface electronics 
The computer and interface electronics for this system included two main 
components: (1) a graphical user interface, to allow for controlling system 
settings, visualization and saving data, (2) digital control for the spectrometer and 
flash lamp timing for ESS measurements, as well as control of peripheral 
attachment modules.  
2.3.1 Raspberry Pi (RPi) 
A Raspberry Pi (RPi) is a low-cost miniaturized single board computer that 
has gained mainstream attention because of its performance and portability 
across various projects in weather monitoring and even robotics [33]. RPi offers a 
wide variety of open-source software packages for the creation of graphical user 
interfaces to allow for user interaction. The Tkinter package written in python was 
used for the creation of a GUI for the control of the C12880MA and flash lamp as 
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well as visualization of ESS data.  
Initially the RPi and a standalone 10-bit ADC (MCP3008) was expected to 
be used for direct control over the spectrometer and flashlamp through its digital 
GPIO pins, but it was found that python libraries used for clocking the 
spectrometer did not provide high enough pulse frequency for reliable control 
over the C12880MA. In addition, the RPi did not provide consistent timing for the 
clock pulsing, most likely due to variations in background processing, leading to 
inconsistent integration times. As will be discussed in section 2.3.2, an Arduino is 
used for communication with the spectrometer and flash lamp to take ESS 
measurements and relay data back to a RPi for visualization. The RPi is used as 
a dedicated shell for a GUI to save calibration settings, experimental settings, 
saving of data to CSV files, and to communicate data acquisition parameters to 
the arduino for hardware control.  
A RPi Zero was tested for use in this system but the CPU clock frequency 
was to slow and led to slow acquisition times and buffering of the GUI. A RPi 
model 4B would be ideal for this system because it provides a 4 core 1.5 GHz 
CPU, but is limited to one per customer so it is not feasible for use across 
multiple systems. A RPi 3B+ was chosen for this project because it provides 
several peripheral interfaces for USB 2.0 (4x), an HDMI interface that will allow 
for connection to a touch screen, and a 4 core CPU at 1.4 GHz.  
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2.3.2  Microcontroller (Arduino) 
A microcontroller is a dedicated integrated circuit (IC) that allows for 
control over a specific operation in an embedded system utilizing a processor, 
memory, and General-Purpose Input/Output (GPIO) pins. An Arduino is a low-
cost microcontroller that allows for interfacing with various sensor modules. 
Arduinos provide several GPIO pins for interfacing with hardware electronics and 
can provide reliable and high frequency pulse trains for control of the 
spectrometer. There are several Arduino boards that provide the clock frequency 
necessary for controlling the spectrometer, but an Arduino Nano is chosen for 
this system because of its small size, low cost, and the number of GPIO pins it 
provides (22).  
Code written in C++ is used for control of the spectrometer, flash lamp, 
other peripheral components as well as communication with the RPi based on 
previous works [13,43]. The minimum integration time for the spectrometer is 
~120 μSec with a clock frequency of ~400kHz, which is within an acceptable 
range for ESS measurements. Initial implementations of the hardware for this 
device were built on a breadboard and demonstrated that there is an apparent 
voltage offset on the CMOS pixels of the C12880MA due to variations in the 
semiconductor, and dark current on each of the pixels. This offset ranges from 
0.3–0.9 Volts [14], which equates to ~15–20% of the total dynamic range of the 
sensor. A 16-bit external differential ADC (discussed in section 2.3.3) is used to 
account for the voltage offsets as well as increase the resolution of the system to 
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make better use of the total dynamic range of the spectrometer.  
To enable visualization of the spectrometer data, a serial command library 
is utilized for communication between the RPi and Arduino over USB [43]. String 
commands are sent from the RPi GUI to the arduino, where specific strings 
correspond to variables or functions on the arduino. A flow diagram of the 
communication between the RPi, arduino and other hardware is provided in 
Figure 6.  
 
Figure 6:  Illustrative Flow Diagram User interface for Gen-4 base ESS system. The 
main program pulls up the correct module. Upon user input strings are sent to the 
Arduino for hardware control and returns ESS data that will be saved to a 
designated experimental file. 
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The main program reads in the connected module ID to run the 
corresponding GUI. The module program allows for user input to control both 
graphical and hardware settings which are read and saved to a CSV file on the 
RPi. Prior to every ESS acquisition, settings are read from a CSV file and sent to 
the arduino for hardware control. Data are returned to the RPi over USB and 
saved to the corresponding experimental file in CSV format. The RPi allows for 
saving of all graphical settings, data, and spectrometer settings. Further 
discussion of the GUI will be provided in section 2.5.1 
 
2.3.3  Analog-to-digital Converter (ADC) 
An analog to digital converter is used to take an analog input and convert it to 
a digital signal that can then be understood and manipulated by computers. The 
ADS8321, a 16-bit differential ADC, is utilized in this system in order to limit the 
DC offset and optimize use of the dynamic range of the spectrometer [42]. A 
potentiometer provides a variable reference voltage (0–1 Volts) to the negative 
input of the device, which provides the lower bound for the differential read of the 
ADC. The upper bound is provided by the “Video” pin of the spectrometer and a 
two’s compliment binary number is read off the ADC through a 3-pin pseudo SPI 
protocol at a data rate of 100 kHz. A high data rate is crucial for ESS 
measurements as averaging of several measurements is crucial for proper data 
processing and analysis. The electronics portion of the system was successfully 
implemented and is coupled to a fiber optic probe for taking ESS measurements.  
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2.4      Fiber Optic Probe 
Optical fibers are glass fibers that transmit light from one point to another with 
minimal losses [5]. The transmission of light in optical fibers is based on the 
principle of total internal reflection, which is caused by a difference in refractive 
index in the two layers of a fiber, the core and cladding. This leads to a cone of 
acceptance known as the numerical aperture (NA), this determines the maximum 
allowable angle for light to enter and pass through the fiber. Previous ESS 
experiments for oral cancer analysis [12], use source and detector fibers of 200-
micron diameter and a source-detector separation of 250 microns. This 
configuration is known as “200/200” referring to the diameter of the source and 
detector fibers respectively.  For this thesis, a small and flexible fiber optic was 
manufactured in house using high -OH synthetic fused silica glass with an NA of 
0.22 [27]. The optical fibers are run through a protective furcation tube and are 
then epoxied to a rigid steel end tube. The optical fibers are run through a plastic 
fiber splitter and epoxied to SMA connectors to attach to the base ESS system. It 
was found that the required fiber optic geometry for oral cancer studies (200/200 
source/detector) caused saturation of the spectrometer during simple ESS 
measurements on the finger. Several interconnect fiber combinations were tested 
to limit the amount of incident light on the spectrometer (discussed in section 
4.1). A 100-micron interconnect fiber attached to the spectrometer was deemed 
the best option to optimize SNR without saturating the sensor (fig 17). A small 
and flexible ESS probe allows for scanning (section 3) across a tissue surface 
 
19 
while minimizing the physical footprint of the device. 
 
2.5  Base ESS system Design – (Gen-4 System) 
The final design for the base ESS system (known hereafter as the Gen-4) is 
shown in figure 7. The design includes all of the above-mentioned components 
including a Graphical User interface (GUI) and electronics for controlling ESS 
hardware. Two systems have been designed (1) a battery powered system that 
uses a 12.6V (32.76Wh) battery pack which is charged by a 12.6V AC adapter or 
(2) a plug-in system that is powered through a 5V micro USB adapter (no 
battery). The system pulls approx. 0.6A at 12.6V (1.4A at 5V) which provides 
approx. 2.5–3 hours of battery life. A 7’’ capacitive touch screen is connected to 
the RPi for control over the entire system. A buck converter provides a stable 5V 
input to the system (only in the battery powered version) to ensure minimal 
fluctuations for input to the spectrometer and flash lamp, which are highly 
















Figure 7: Schematic of Generation-4 ESS system. An RPi acts as a shell for a GUI 
that communicates over USB to control the C12880MA spectrometer and L13651-
11 flash lamp for ESS acquisitions. Data are acquired and read from a 16-bit 
Differential ADC that is then sent back to the RPi for visualization. The system can 
either be powered by 5V or 12.6V (the 12.6V system is battery powered)  
A custom-made PCB was designed by a researcher in the BMO lab to mount all 
electronics and connectors onto one board and is screwed down into a 3D 
printed enclosure (fig 8). The enclosure was designed to house all wiring and 
electronics in a small cost-effective form factor. Two venting fans are placed just 
behind the RPi in order to limit temperature changes in the device, as the 






Figure 8: Images of final base ESS design inside of a 3D printed enclosure (left) 
front view of Gen-4 system including (a) 5V micro USB power input; (b) module 
control/detect ports; (c) vent holes; (d) LED power switch; (e) SMA connectors 
(right) back view of Gen-4 system with fan vent holes for system cooling. 
Two connection ports for module connect/control to detect and control accessory 
ESS attachments. Several ESS experiments require additional hardware 
functionality, and this enables ease of integration of hardware/software changes 
as will be seen in section 3.  The device runs a specific GUI upon boot of the 
system and automatically detects the attached module. ESS fibers can be easily 
switched between experiments depending on the required probe sizes and 
function allowing the ease of transition between experiments. 
2.5.1 ESS Graphical user interface 
The user interface of the system was designed for ease of use during 
clinical studies while allowing complex functionality depending on user needs. The 
main module GUI (fig 9, 10) allows users to take several types of ESS 









Figure 9: Main page of ESS GUI with all functionality for various experimental 
setups. This page is dynamic based on the module attached. 
After creating or opening a CSV formatted experiment file, reference and spectral 
data can be saved directly to the file with the corresponding wavelength 
information to allow for post-processing and analysis. The auto-range function 
automatically determines the max number of allowable flash pulses before 
saturating the spectrometer. Open loop takes continuous measurements, with no 
flash pulses, and is typically only used for calibration of the system. The 
sequence function allows the user to study temporal dependence of scattering in 
a sample. Several measurements are taken in a “burst” and several bursts are 
acquired at discrete time intervals. This is typically used for tracking 
pharmacokinetics of samples. The GUI allows for control over parameters for 
various ESS experiments such as pulse number, integration time, spectral 
smoothing and dark subtraction (fig 10), which will depend on the experimental 
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setup and the type of sample being investigated. The settings page (fig 10) also 
houses the spectrometer calibration coefficients (discussed in section 2.5.2) to 
enable conversion from pixel to wavelength.  
2.5.1a Spectrometer Calibration 
 Raw spectrometer data are read from the ADS8321 as an array of integer 
values corresponding to pixel number. The spectrometer must be calibrated to 
ensure proper conversion of raw pixel number to the corresponding wavelength. 
Calibration coefficients for spectrometer are typically provided in the form of a 5th 
order polynomial approximation [13] to account for nonlinearities caused by a 
diffraction grating. A mercury argon (HgAr) calibration lamp was used to correlate 
the known peak locations to the corresponding pixel number. The relation 
between the pixel to wavelength was fitted with a 5th order polynomial in 
Microsoft excel to find the proper calibration coefficients. The pixel to wavelength 
conversion is given by Eq 3: 
 
 𝑊𝑎𝑣𝑙𝑒𝑛𝑔𝑡ℎ[𝑥] = 	𝛼# + 𝛽#(𝑃𝑖𝑥𝑒𝑙) +	𝛽!(𝑃𝑖𝑥𝑒𝑙)" +⋯+ 𝛽$(𝑃𝑖𝑥𝑒𝑙)$%!	 (Eq 3) 
 
Where 𝛼!, 𝛽#, 𝛽!, and 𝛽$ are the calibration coefficients used to solve for an 
array of wavelength values for each corresponding pixel. Calibration coefficients 
are stored in a CSV file that are read onto the setting page of the GUI (fig 10), to 
enable proper wavelength conversion for each system.    
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2.5.2 Module Connect/Detect 
In order to allow for dynamic control of accessory ESS attachments, a 
mechanism for detecting and controlling individual “modules” is incorporated to 
the Gen-4 base system. Each module has a predetermined ID number to allow 
for automatic detection of the attached module to run the corresponding GUI for 
each module. A 3-bit binary number is read from GPIO pins on the arduino upon 
boot of the system, and the corresponding GUI and hardware control is run. The 
goal of this design is to simplify expansion for future attachments (both hardware 
and software). For example, the second aim of this thesis, the scanning module, 
is a simplified version of the base GUI for the control of stepper motors to take 
several measurements over an area of tissue (section 3).   
 
Figure 10: Settings page of ESS GUI for storage of all experimental parameters, 
calibration coefficients and functionality for connection module attachments. 
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The settings page (fig 10) also allows for connection of modules to the base ESS 
system. The intent is to allow easy transition between different ESS experiments 
to accommodate user needs. In addition, the RPi allows for a VNC (virtual 
network computing) connection to control the system through a peripheral 
device. A smartphone application (VNC Viewer [44]) allows the user to input the 
IP address of the RPi and remotely control the device through the touch screen 
on their phone, effectively making the ESS GUI a smartphone application if 
needed. Overall, the base ESS system has been designed to allow for 
incorporation of additional hardware and software modules for future clinical 
studies.  
2.5.3 Conclusions: Base ESS system 
The Gen-4 Base system was designed to be low cost, portable, and modular 
to allow flexibility for its use across several experimental setups. The system has 
been designed to simplify the process to create new modules for use in different 
ESS measurements as will be discussed in section 3. Further testing and 
validation of the base system will be discussed in section 4 to demonstrate the 




3. ESS SCANNING MODULE (Module 1) 
One of the main goals of this thesis was the development of a mechanism to 
enable ESS scanning over a ~1cm2 area of resected oral cancer tissue with ESS 
instrumentation. There were two routes considered for imaging tissue with ESS: 
(1) physical scanning an ESS fiber optic probe with servo or stepper motors or 
(2) use a telecentric scan lens and a galvanometric scanning system for optically 
probing the sample area. These two techniques have been demonstrated 
previously, [4, 21] but in these demonstrations were found lacking with respect to  
cost effectiveness, simplicity, scanning time and scan resolution.  
 In order to minimize costs and complexity it was ideal to use stepper 
motors to physically scan an ESS probe across the tissue surface. Stepper 
motors are used for providing discrete movements with high precision and 
repeatability. Movement from stepper motors is achieved by manipulating the 
polarity of electromagnets, which causes an attraction/repulsion between the 
stator and rotor [31]. Two linear stages driven by stepper motors are stacked in 
an XY configuration to scan a gridded area. The stepper motors provide a step 
angle of 1.8 degrees, which can be decreased through micro-stepping of the 
motor [7]. The lead screws for the linear stages have a pitch of 1mm, and can be 
1/8 micro-stepped to reach a minimum step size of 0.625 microns. The goal 
determined for ESS scanning was completion of a full scan with a minimum step 
resolution of 400 microns in a reasonable amount of time (<10 min), which is 
achievable with the current setup.  
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A custom 3D printed attachment arm is used to connect the ESS probe to the 
stepper stages allowing for scanning across a tissue surface. [12] demonstrated 
that variations in surface blood and uneven cuts during resection can lead to 
inconsistency in ESS measurements.  The use of a fiber optic plate allows for 
flattening of the tissue and elimination of surface blood to increase consistency of 
ESS measurements and enable scanning of the probe across the tissue surface. 
3.1  Fiber optic plate (FOP) 
 An FOP is a bundle of micron sized fibers that transfers an image from 
one plane to another with minimal losses. [4] demonstrates a similar technique 
for scanning resected tissue samples with ESS but lacked in scanning resolution 
and scan time, which is greatly improved in this thesis. Fig 11 provides a 
representative diagram of the mechanism for scanning the ESS probe across the 
tissue surface.  
 
Figure 11: Representative diagram of mechanism for scanning ESS probe across 
FOP/tissue surface. The probe will be optically coupled to the FOP with DI water 
or immersion oil and scanned across the surface in a coordinated grid pattern. 
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The FOP is pressed against the tissue sample and the ESS probe is scanned 
across the plate. Immersion oil or DI water is used for optically coupling the ESS 
probe and the FOP. Compared to previous works, the FOP acquired for this 
thesis achieves higher transmission (>60%) of UV light (300–400nm), where 
essential scattering and absorption information is found. The plate has individual 
fibers of micron in diameter and an NA of 1 that allows good resolution for 
scanning and image acquisition.  
 
3.2 Final ESS scanning module design 
 A custom-made PCB was designed by a researcher in our lab to house all 
electronics for connecting and controlling the stepper motor hardware including 
the stepper stages and drivers. A 3D printed enclosure houses the electronics 
and provides a mount for the FOP scanning connector (fig 12). To ensure that 
the ESS probe is flush with the FOP surface a leveling system, similar to that of 
3D printers, was CNC machined out of 304 stainless steel to ensure high level of 
tolerance. The leveling system consists of four screws attached to the base 
through compressive springs. Changing the height of the screws in each corner 
allows for leveling of the plate in relation to the probe. Fig 12 shows the final 




Figure 12: (left) ESS scanning module final design. The FOP sliding plate and 
leveling system allows for coupling of the ESS probe to the tissue sample (right) 
Leveling system to ensure sample is flush with FOP surface, and 3D printed lab 
jack (design acquired from thingy-verse) to raise sample to FOP surface 
 A homing mechanism was incorporated to the scanning module to ensure 
that the location of the probe was known before and after each scanning 
sequence. A limit switch on each linear stage is used for locating the “home” 
position of the probe before every measurement. A simple GUI (fig 13) allows for 
control of the scanning module for ESS imaging. The grid size and scan 
resolution is controlled on the settings page of the GUI and a progress bar allows 
for tracking of the current scanning location. Spectra are saved to a designated 
CSV file for post processing analysis to form a classification image. This module 
is designed to allow for scanning of resected oral cancer samples to provide real 
time surgical guidance. Future works will look into the design of a statistical 
algorithm for the classification of healthy and cancerous tissue at each pixel 
location for quantitative measures of cancer margins.  
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Figure 13: (left) Scanning progress bar to provide current acquisition location. 
(right) ESS Scanning GUI for control of scanning acquisition and visualization. 
 
3.3 Conclusions: ESS scanning module 
The scanning module was designed as an attachment to the base ESS system to 
enable imaging of resected tissue samples. The goal of this module is to enable 
a user-friendly device that would allow for analyzing cancer margins of resected 
tissue with little sample preparation and no expertise requirement. Future work 
will look to the implementation of classification algorithms to automatically score 






4. RESULTS AND DEVICE VALIDATION 
Validation of the Gen-4 system developed for this thesis involved the 
comprehensive testing of individual components, the overall system response 
and direct comparisons to gold standard instrumentation used in ESS 
experimentation. A comprehensive table of the physical and technical 
comparisons between the Gen-3 (gold standard device) and Gen-4 ESS devices 
(fig 14) in the BMO lab at Boston University is provided in table 1.  
 
Table 1: Comparison between Gen-3 and Gen-4 ESS systems 
Parameter Gen-3 system Gen-4 Base system 
Cost ~$15,000 ~$1,300 
Weight 25 lbs <3 lbs 
Spectral resolution ~ 2 nm[3] 9–15 nm[14] 
Minimum Integration time 60 µSec 120 µSec 
Detector Array Back thinned CCD[3] CMOS[14] 
Wavelength Range 200–1160 nm[3] ~300–850 nm[14] 
Number of pixels 2048[3] 288[14] 
Average Flash Power 20 Watts 2 Watts 





Figure 14: Photograph comparing physical size of Generation 3 (right) and 
Generation 4 (left) ESS systems.  
 
The Generation 3 ESS device provides a highly sensitive and reliable system for 
taking ESS measurements and for the purposes of this thesis is considered the 
gold standard for comparison. There is a considerable reduction with the cost of 
the Gen-4 base ESS system and accordingly there is a slight decrease in overall 
performance of the system. The performance of individual components of the 
Gen-4 system are tested and later compared with the Gen-3 system to validate 






4.1 Spectrometer linearity and spectral response 
A spectrometer should demonstrate a direct relationship between the 
integration time of incident light and the intensity readout of all pixels (assuming a 
constant continuous light source). To examine the linearity of the spectrometer a 
green LED was placed in front of the entrance slit and pulsed within the 
integration window. The pulse of the LED was 500 microseconds in duration and 
the intensity response versus pulse number (and corresponding integration time 
increase) is shown in figure 15.  
 
Figure 15: Spectrometer linearity test demonstrated as peak intensity versus 
number of pulses (with according integration time increase). There is a clear linear 
response of the spectrometer to increasing number of pulses (R2 = 0.9996). 
It can be seen that there is a clear linear response of the spectrometer 
with increasing pulse number and according integration time increase (R2 = 
0.9996). Once the linearity of the spectrometer was validated, the spectral 
response of the system was compared to a mercury argon (HgAr) calibration 
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lamp (fig 16) [40 pg. 1–25]. The calibration lamp provides sharp peaks at several 
wavelengths that allows for calibration of the pixel response to the correct 
wavelength location. The spectral response of the Gen-4 provides high 
reproducibility of known peaks of the lamp with little variation from known 
wavelength values. It should be noted that the two peaks at 576.96 and 579.4nm 
form one widened and slightly shifted peak. The two peaks cannot be discerned 
because of the lower spectral resolution of the spectrometer in this Gen-4.   
 
Figure 16: Spectrometer Response to HgAr calibration lamp. Peak location from 
left to right (312.4nm, 365nm, 404.6nm, 435.6nm 546nm, 579.4nm (broad peak)). 
These peaks align with known peaks for this lamp (312.56nm, 365.015nm, 
404.65nm, 435.8nm, 546.07nm, 576.96nm, 579.065nm). 
One issue that was found with the C12880MA spectrometer was the high 
level of sensitivity of the CMOS detector. Measurements of tissue taken with the 
described ESS probe (200/200 source/detector fibers) led to the saturation of the 
sensor. Several Interconnect fiber combinations were tested to reduce the 
amount of light incident on the sensor, while maintaining the 200/200 ESS fiber 




Figure 17: Comparison between various interconnect fibers response to 
measurements taken with a tissue phantom to demonstrate interconnect fibers to 
limit sensor saturation. It is found that the 200+150 micron and 100-micron 
interconnects are good candidates for use with oral cancer studies with the 
described device. 
As described before, the optimal interconnect used for this fiber geometry on this 
device was found to be 100 microns. This eliminates the possibility for saturating 
the sensor while maintaining high SNR during tissue measurements.  
Finally, the timing of the flash lamp was tested to ensure that integration of 
all of the light from the lamp occurred during a single acquisition. The timing was 
tested by placing a 10-microsecond delay before and after the flash lamp pulse 
to ensure that the entire duration of the flash lamp was in the center of the 
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integration window (fig 18).  Measurements were taken of a phantom with a 
200/200 ESS probe held by a lab vice to maintain continuous pressure of the 
surface.  
 
Figure 18: Flash lamp timing test. Timing of the flash lamp was tested to ensure 
that all light emitted from the flash lamp was enclosed in the integration window 
of the spectrometer. 
It is clear that all traces shown above overlap with little variation. Slight 
differences in the traces are within the typical noise level of the spectrometer 
demonstrating proper integration of all light from the flash lamp.  
 All individual components of the ESS system have been tested to ensure 
proper spectra acquisition during basic ESS measurements. The next step for 
validation of the base ESS device is the comparison to gold standard 
instrumentation to validate overall performance and system response of the Gen-
4 system.  
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4.2 Gold Standard Comparison 
 In order to demonstrate the functionality of the Gen-4 base system, a 
comparison is made to gold standard ESS instrumentation used in our lab. The 
system response for both devices was compared by taking a measurement with 
a spectrally flat reference material (SpectralOn, Labsphere [38]) to look at the 
overall response of the spectrometers and flashlamps (fig 19).  
 
Figure 19: System response comparison between Gen-3 and Gen-4 system. 
200/200 source detector fibers. Measurement taken from SpectralOn material to 
demonstrate response of spectrometer to 1 pulse from flash lamp from each 
device. 
 The two systems demonstrate relatively similar traces across all 
wavelength with similar overall peak locations. The Gen-4 system is not able to 
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resolve some of the finer peaks within the spectra which most likely caused by a 
lower number of pixels and subsequent decrease in overall spectral resolution. 
One advantage of the Gen-4 system is the higher sensitivity in the UV (300–
400nm) region which is important for most ESS cancer studies as there is 
important scattering information changes in the UV region [23]. These variations 
between system responses may be caused by differences in the blaze angle of 
the spectrometer grating, arc size of the flash lamp, relative sensitivity of the 
spectrometer, the output of the flash lamp, or a combination of all of these 
parameters.  
 A direct comparison of the two systems with the same light source (fig 20) 
demonstrates similar results as mentioned above. A calibration HgAr lamp was 
placed 10mm from each spectrometer and measurements with 1000 μSec 
integration time and a 200/200 fiber probe are used to compare the spectral 
response of the two systems. The Gen-4 system (blue) has almost identical peak 
locations to the Gen-3 system (orange), but the Gen-3 system provides much 
higher spectral resolution (smoother curve). Another shortcoming of the Gen-4 
system can be seen at approx. 440nm where the Gen-3 system can resolve a 




Figure 20: Comparison of spectral response to a HgAr calibration lamp. Vertical 
black lines are used as reference for the known peak locations of the calibration 
lamp 
Consistent with what was seen in figure 19, the Gen-4 system provides higher 
signal intensity in the UV region (300–400nm) which is beneficial for most ESS 
experiments, but does have a lower sensitivity in wavelengths above 500nm. 
This demonstrates that although there is slight decrease in the Gen-4 system 
performance, it provides resolution and signal strength that is suitable for ESS 
measurements in the wavelength range of interest.  
 Further testing of the Gen-4 system was accomplished through 
measurements of tissue mimicking samples with various scattering properties. 
Comparisons of the Gen-3 and Gen-4 system are made between measurements 
taken on the fingertip (fig 21) with 200/200 fiber probes and a 100-micron 
interconnect. The two traces highlight similar absorption and scattering 
information. There are clear dips in each trace caused by hemoglobin absorption 
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at 420 and 575 nm. It should be noted that the Gen-4 system becomes noisy 
past 700nm, most likely due to low emission from the flash lamp and low 
sensitivity of the spectrometer (<50 % [13]). This can can be reduced through the 
use of a moving average smoothing filter or averaging several spectra together 
(fig 21). 
 
Figure 21: Spectral response (ratio to reference) of fingertip measurements for 
Gen-3 and Gen-4 System, and a smoothed gen-4 trace. There are three major 
absorption peaks oxyhemoglobin (~420nm, 545nm and 575nm [5]). It should be 
noted that the Gen-4 device becomes very noisy past 700nm due to low sensitivity 
of the spectrometer and low emission from the flashlamp. Through a moving 
average filter the general trend of the trace look qualitatively similar to the Gen-3 





4.3 ESS Scanning Validation 
 The requirements for the ESS scanning module included the ability to 
scan an ESS probe across an area of approx. 1 cm2 with highly repeatable and 
precise movement in a reasonable amount of time (<10min). The repeatability of 
the step resolution of the linear stages was tested and confirmed for all step 
sizes down to 100 microns (anything lower than this would likely never be used 
for ESS scanning). The expected distance traveled of the linear stages was 
compared to the actual distance traveled with step sizes of 500,400,200,100 
microns. In all experiments there was no variation from the expected distance 
traveled and the actual distance traveled.  
 Further testing of the ESS imaging system was carried out by scanning a 
“freckle” phantom sample. Tissue phantoms mimic the scattering and absorption 
properties of tissue for testing optical devices. The “freckle” phantom (fig 22 
(top)) has an imperfection in the middle, the “freckle”, most likely caused by 
errors during the manufacturing process of this phantom. Although the 
imperfection is not intended, it allows for testing of the scanning module. 
Scanning images were taken of the phantom to demonstrate the ability to identify 
interfaces and scattering changes over a large area sample with ESS.  





Figure 22: (top) image of “Freckle” phantom used for validating ability to generate 
ESS images from interfaces and changes in scattering of samples through FOP 
(bottom left) 25x25 pixel (400 micron step size) scanning image obtained of 
“Freckle Phantom” w/out FOP (bottom right) 25x25 pixel (400 micron step size) 
scanning image of “freckle” phantom w FOP. Both images were created by taking 
max value of spectra at each (x,y) location 
 
25x25 ESS scans were taken of the freckle phantom to demonstrate the ability to 
differentiate between areas of variable scattering/absorption. The actual 
scattering and absorption of the sample is not important in this exercise as long 
as there is a difference between areas on the scan. After scanning the sample 
area, the maximum value of each spectra (each discrete location) is used to form 
the image seen in figure 22.  The bottom left image was taken without the FOP, 
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while the bottom right image was taken through the FOP. Both images 
demonstrate a clear reconstruction of the “freckle” and its approximate size and 
shape. Both images have a dark spot of approx. 13x13 pixels (~5.2x5.2mm) in 
diameter which is consistent with the actual size of the “freckle” (~5.3x5.1mm). 
The presence of the FOP does not demonstrate any noticeable effects to the 
formation of the image which means that there is minimal loss of information 
between the FOP and non-FOP scanning images. Any variations caused by the 
presence of the FOP will be accounted for by taking a reference spectrum before 
each scanning sequence. One note is that the image formed without the FOP 
demonstrates a clear gradient from the bottom left to the top right of the image, 
most likely caused by the tilt of the sample or the probe used for scanning. This 
demonstrated the need for a leveling system for ESS scanning to limit variation 
of coupling of the ESS probe and tissue sample/FOP across an image.    
 After completion of the leveling system further testing was done for higher 
resolution images to demonstrate the ability of the scanning system. A 50x50 




Figure 23: (left) high resolution ESS scanning image of “Freckle” phantom (right). 
200/200 ESS probe with a 100 μm interconnect is used to image a 1 cm2 area with 
a step size of 200 μm. The features of the phantom are finely reproduced in this 
ESS scan demonstrating its ability to differentiate small features in samples.  
The reconstruction of the “freckle” is similar to the actual shape and features 
present in the phantom. The features on the edges of the “freckle” are evident 
with strong correlation between the images. The overall size of the center mass 
is 5.3x5.1mm height versus width. The center mass in the 50x50 image is 26x25 
pixels in height and width corresponding to the overall size of 5.2x5 mm, 
demonstrating good correlation between the acquired ESS image and the actual 
sample. The main consideration for choosing the grid and step size for scanning 
is the time constraints during oral cancer surgery. The 25x25 pixel images 
require approx. 5min to acquire and save all points, while the 50x50 image 
requires approx. 21 min. There is a clear tradeoff between time and resolution of 
the images. The goal of this device is to be used intraoperatively for oral cancer 
resection studies, which means that there must be a compromise between 
resolution of scanning and the overall scan time. 
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5. DISCUSSION  
This thesis has demonstrated the implementation and validation of a 
miniaturized, low cost and modular ESS system. This system has been designed 
to be used in a wide variety of clinical studies in the future, most notably an IRB 
approved oral cancer study at Boston Medical Center. The Gen-4 base ESS 
system has demonstrated comparative performance to “gold standard” ESS 
instrumentation, but requires further clinical testing to validate its use for live 
samples. The scanning module for ESS imaging has been tested and validated 
for taking ESS images of phantom sample with little preparation. The scanning 
module provides an imaging resolution of up to 100 microns, but is limited by 
time constraints dependent on the experimental setting. 
The current system is undergoing clinical validation at the Boston VA Hospital 
for taking in vivo measurements with this device. The device has passed 
electromagnetic interference (EMI) testing to ensure its safe use within a 
hospital. Overall, this device will allow for the expansion of the use cases of ESS 





6. FUTURE WORK 
The device designed for this thesis has been tested and validated in lab on 
phantom samples, but requires further in vivo experimental work to fully validate 
the device for use in clinical studies. Future work with this device will involve the 
development of novel ESS modules for different experimental requirements as 
well as the development of statistical algorithms for classifying spectra in real 
time for the user. The end goal of the scanning module is to develop a statistical 
or machine learning algorithm that will classify healthy vs cancerous tissue in real 
time to provide a classification image to the surgeon. One of the main 
shortcomings of this device is that it requires the excision of tissue in order to 
enable imaging. The development of an in vivo imaging apparatus would be an 
important milestone for analysis of cancer beds during surgery, to allow for more 
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